Abstract: Objective To search novel genes or pathways involved in the recovery process after restraint stress in rats. Methods We compared the hypothalamus transcriptional profiles of two different recovery patterns (fast recovery vs slow recovery) from restraint stress in rats using oligonucleotide microarray, the recovery pattern was determined by the decrement of plasma adrenocorticotropic-hormone (ACTH) and corticosterone levels during one hour recovery period after stress. A real-time quantitative RT-PCR was applied to validate the differential expressed genes. Results Analysis of the microarray data showed that most of genes were not differentially expressed between fast recovery group and slow recovery group. Among the differentially expressed genes we found that talin, together with serine/threonine protein phosphatase PP1-beta catalytic subunit (PP-1B) and integrin -6 precursor (VLA-6) genes, were at least 1.5 fold upregulated in the fast recovery group, while junctional adhesion molecule 1 (F11r) was 1.5 fold down-regulated in the fast recovery group. Conclusion The results implied that integrin signaling pathway may be involved in the recovery from restraint stress in rats. The present study provided a global overview of hypothalamus transcriptional profiles during the process of recovery from the restraint stress in rats. The integrin signaling pathway seems to be involved in the recovery process, which deserves further study to clarify the integrin-mediated recovery mechanism after restraint stress.
Introduction
Although large inter-individual differences in stress response are found in many animal or human population, the detailed mechanism is poorly understood [1, 2] . These differences are critical as regards each individual's adaptive capacity, not only for adequate responses to challenging situations but also for variability in stress-induced susceptibility [3, 4] . Understanding the causes of individual differences and their consequences in terms of adaptive capacity and vulnerability to disease is a major challenge for modern life sciences. To date, the neurobiological bases of individual differences in rodents have been mainly focused on the hypothalamic-pituitary-adrenal (HPA) axis, one of the central components of the body's neuroendocrine response to stress [5] . Although most studies on HPA response to stress have focused on the immediate response to the stressful situation, the importance of the capability of organisms recovering normal HPA function and so reducing the possible pathological impact of exposure to stressful situations is now well-recognized [6] . The differential pattern of HPA recovery during the post-stress period might be important to explain individual differences in the pathological consequences of exposure to stressors [7] . However, there are only a few studies specifically aiming at characterizing the individual differences in the recovery pattern in rats [7, 8] .
Despite some studies on stress response [9, 10] , there has been no data known to screen and discover novel genes related to recovery speed after stress. As the hypothalamus is the center of stress response, as well as a region that integrates different stress pathways in the brain, comprehensive analysis of gene expression profile in the hypothalamus of restraint-stressed rats by using oligonucleotide microarray will be one of the most efficient approaches to identify the core genes that modulate recovery speed after stress. In this study, to search the novel genes that were up-or down-regulated in different recovery patterns in rat hypothalamus, the transcriptional activity of the genes expressed in rat hypothalamus was quantitatively analyzed by oligonucleotide microarray.
Materials and methods

Animals
Fourty Adult outbred male Sprague-Dawley rats, weighing (280±10) g, were supplied by the Experimental Animal Center of Showa University, Japan. Animals were housed two per cage under standard conditions of temperature [(22±1)°C] and maintained on a 12/12 h light-dark schedule (lights on at 07:00 a.m.) with ad libitum access to food and water. In all experiments, rats were petted briefly for 3-5 min on each of two days prior to experimentation. Animals were allowed to acclimatize to the housing conditions at least one week before the experiments (which started in the morning). 2.2 Restraint stress and blood sampling For restraint stress (RES), 30 rats were placed in a plexiglass tube (4.5 cm diameter, 13 cm length) for 2 h. Rats were prevented from turning around by an adjustable plastic plug that was secured behind the rat once it was positioned in the tube. Holes were drilled in the sides and end of the plexiglass tube to allow fresh air in. Food and water were not provided during the restraint period. After the RES experiment, rats were released from the tube and returned to the original cage for recovery. Blood samples (300 L) were taken at three time points: within 2 min just before the exposure to RES, the termination of the RES, and 1 h after the RES, by using tail-nick method which did not confound the profile of plasma ACTH and corticosterone (CORT) [11] . After the last blood sample being taken, rats were immediately killed by decapitation within 2 min. The control rats without suffering the restraint stress (n = 10) were sampled following the same schedule with RES rats. The experimental procedures were approved by the Ethical Committee for Animal Experimentation of Showa University.
Tissue preparation
Following decapitation, the brains were removed and dissected as previously described [12] .
Briefly, a series of six cuts were performed using a razor blade. For viewing the ventral surface of the brain, two coronal cuts were made to isolate a hypothalamic block using the apex of the optic chiasm and the rostral margin of the mammillary bodies as landmarks. This slab was then placed flat and the first two cuts were placed on either side of the chiasm. The third cut was placed just dorsal to the third ventricle. The isolated hypothalamus was then immerged in RNAlater (Ambion Inc.) and stored at 4 o C until use.
Total RNA from the hypothalamus was isolated using the RNeasy mini kit (Qiagen) according to the manufacturer's instructions. RNA was quantified with the Nanodrop ND-1000 spectrophotometer (Nano-Drop Technologies, Rockland, DE, USA), and RNA integrity was assessed with RNA 6000 Nano LabChip kit by using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Only RNA with an RNA integrity number (RIN) higher than 9.6 was processed for labeling (2100 Expert software, Agilent Technologies). 2.4 Biochemical assays and grouping Plasma CORT was measured by Corticosterone Colorimetric (EIA) Kits (Assay Designs Inc., USA). Plasma ACTH concentration was measured with a conventional radioimmunoassay (RIA) kit supplied by SRL Inc., Tokyo, Japan. The fast recovery group (FR) and slow recovery group (SR) were determined by the decrement of plasma CORT and ACTH during the one hour recovery period after the stress. Each group contains 6 rats for further microarray analysis, and the rest of animals were discarded. 2.5 Microarray hybridization and scanning A half dyeswap design was applied so that half of the slow-to-fast recovery comparisons were cyanine-3 (Cy3) to (cyanine-5) Cy5 and the other half were Cy5 to Cy3. This design has been shown to be a good and efficient strategy [13] .
RNA samples were labeled by using the Agilent Low RNA Input Fluorescent Linear Amplification kit (5184-3523) according to the manufacturer's instructions. Briefly, hybridized targets consisting of amplified and fluorescentlabeled cRNA were obtained by reverse transcription, starting with 500 ng total RNA, and then concomitant amplification and labeling involving T7-polymerase transcription.
The test samples and reference samples were labeled with Cy5 and Cy3 labeled CTP, respectively. Cy5 and Cy3 labeling was monitored with the Nanodrop ND-1000 spectrophotometer, and the results were between 1.0 and 1.4 pmol/ L in all cases.
Hybridization was performed by using the Agilent oligonucleotide microarray in situ Hybridization Plus kit (5184-5340), following the manufacturer's recommendations. Briefly, 750 ng of fast recovery sample cRNA were mixed with 750 ng of SR sample cRNA in the presence of a control target. The final solution was subjected to fragmentation (30 min at 60 o C in the dark) and hybridized onto a 44K 60-mer whole rat genome oligonucleotide microarray (G4131A, Agilent Technologies) in a rotation oven (60 o C for 17 h, 4 r/min) in the dark. Slides were disassembled and washed in solutions I and II and dried using a nitrogen-filled air gun. The slides were then scanned according to Agilent's instructions. Microarrays were scanned with a dynamic autofocus microarray scanner (G2565BA, Agilent Technologies) using the Agilent parameters. Feature Extraction 8.5 software was used to extract data and to analyze the signal.
Analysis of microarray data
Due to the fact that these arrays were special (endosperm) arrays, regular lowess normalization based on the assumption that most of the genes are not differentially expressed and there equal number of up and down regulated genes is not applicable. A special variation customized for this data set was applied here. Specifically, intensity lowess was conducted by fitting a smooth curve to the spots with log ratios within the range of ±0.8 and then all spots were adjusted according to this curve. The data were then normalized by the log ratio of the spiking controls. Finally, the channel mean of each channel on each slide was subtracted. Because the replicated spots for the same gene are highly correlated, after normalization, the median of the replicated spots for each probe was used to fitted to a fixed effect ANOVA model one gene at a time,
The term is the gene mean. The A i and D j represent the array and dye effects, respectively. The T k(ij) represents the tissue effect, which is our interest. The ij represents the residual measurement error. A shrinkage-based t test is used to identify genes that are differently expressed for each pair-wise tissue comparisons [14] . The P values were obtained through sample permutation and pooling the permuted t statistics across genes. Adaptive false discovery rate was used to control for multiple testing [15] .
Real-time RT-PCR validation
Total RNAs were used for quantitative RT-PCR. The SuperScript III Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen) was used for quantitative PCR. Gene expression was analyzed with the ABI Prism 7000 sequence detection system, and the results were handled with the associated software (version 1.2; Applied Biosystems). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal reference for all analyses. The following forward and reverse primers were designed using the Primer Express software (version 2.0, PE Applied Biosystems) (Tab. 1). Primer specificity was assessed from the monophase dissociation curves, and all were similarly efficient (data not shown). The threshold cycle (Ct) for the endogenous control GAPDH mRNA and the target signals was determined, and the relative RNA quantifica- . Experiments were performed in triplicate.
Statistical analysis
For plasma CORT and ACTH concentrations, statistical analysis was carried out with one-way ANOVAs. Data were expressed as mean ± SEM. Differences of RT-PCR were analyzed with Student's t test. P < 0.05 was considered statistically significant.
Results
Distinct individual variation in the recovery rate af-
ter RES Animals exposed to RES showed a high variability in plasma ACTH and CORT levels at the termination of 2-h RES and at 1 h after RES. Our purpose is to compare the different patterns of recovery from RES, so according to these observations we selected the rats with similar plasma CORT levels at the termination of 2-h continuous exposure to RES, but with diversity of CORT levels at 1 h after RES for further analysis, thus forming FR and SR, with six rats in each group. Because adrenocortical response to circulating ACTH becomes saturated with intermediate levels of plasma ACTH, which are already achieved by exposure to moderate intensity stressors, CORT response may be not a completely reliable index of adaptation to intermediate or severe stressful situations [17] . By using the criteria of the decrement of ACTH levels from the termination of 2-h RES to 1 h post-RES to classify the animals, we got the similar groups as defined by CORT levels.
Tab. 2 List of genes differentially expressed between fast recovery group and slow recovery group
No differences in pre-stress CORT and ACTH levels were observed among FR, SR and control. At the termination of RES, the CORT levels between FR and SR had no significant difference. At 1 h after RES, the CORT level was significantly different between the two groups (P < 0.006) as revealed by non-parametric ANOVA (Fig. 1A) . The level of plasma CORT at 1 h after RES was significantly higher in SR than that in control and FR, while there was no significant difference between FR and control rats, indicating that FR group has returned to the basal level after 1-h recovery. As for ACTH level, the result was found similar to that of CORT: at 1 h post-RES, significant differences were found between FR and SR (P < 0.007), while there was no significant difference between FR and control groups (Fig. 1B) .
Identification of differentially expressed genes
Analysis of the microarray data showed that most of genes were not differentially expressed between FR group and SR group. The variation range of over 1.5 fold in mRNA expression level was adopted in this study since over 1.5 fold fluctuation in gene expression level was considered to be sufficient to induce significant biochemical and physiological changes in living cells. As a result, 10 probes displayed differences in expression between two groups with a 1.5-fold change (Tab. 2).
To confirm the gene expression variations identified by the microarray experiments, the selected differentially expressed genes were tested by quantitative RT-PCR. The selected genes displayed similar gene expression differences as assessed by real-time RT-PCR (Tab. 2). In conclusion, quantitative RT-PCR results confirmed the microarray data.
Discussion
A tightly controlled termination of the stress response with a re-balance of homeostasis after a particular stressor has ceased is quite important for individuals, because chronic hyperactivation of HPA axis may comprise the maladaptive states that can be harmful [18] . It is well-accepted that there are major individual differences in susceptibility to psychiatric pathologies and stress-related pathological processes in humans. However, our knowledge of the biological bases of such susceptibility is encumbered by obvious limitations of the research in humans. Thus, characterization of the individual differences in animals (e.g. rodents) may help to find the origin of susceptibility in humans. To date, neurobiological bases of individual differences in rodents have been mainly focused on the HPA axis and its relationship to the behavioral traits such as fear/ anxiety and novelty-seeking (attraction for novelty) [19] . In this study, we compared the hypothalamus (the upstream of HPA axis) transcriptional profiles of two different patterns of recovery (fast recovery vs slow recovery) from RES in rats by using oligonucleotide microarray and provided a global transcriptional profile of hypothalamus in the recovery process.
Compared with Garcia's [7] result, we did not find strong CORT and ACTH levels as in the immobilization stress. Based on the plasma CORT and ACTH levels, the most possibility of this phenomenon is the intensity of stressor itself. Immobilization is a more severe stressor than restraint. This may explain why most of genes were not differentially expressed between FR and SR group. The reason is that RES may not so strong enough to activate related genes in the hypothalamus. Compared with SR group, talin, together with serine/threonine protein phosphatase PP1-catalytic subunit (PP-1B) and integrin -6 precursor (VLA-6) was at least 1.5 fold up-regulated in FR group. Integrin transmembrane receptors have a unique property that distinguishes them from other signaling receptors. Their affinity for ligands in response to intracellular signals generated by non-integrin receptors can be modulated from the inside out. Recent findings provided novel mechanistic insights into this process by demonstrating that talin, a protein that links integrins to actin, was necessary for the inside-out activation of integrins. Talin is an important focal adhesion component that binds to multiple adhesion molecules including integrins, vinculin, focal adhesion kinase (FAK) and actin. It provides a vital regulatory switch that allows integrins to respond rapidly to physiological stimuli [20] . Also, talin is a crucial downstream target of a variety of transmembrane signaling receptors and intracellular signaling pathways [21] . As talin is one of the most important components in the integrin signaling pathway, its upregulation along with VLA-6 in the FR group implied its involvement in the process of recovery from RES in rats.
Protein phosphatases regulate numerous cellular functions and signal transduction pathways in cooperation with protein kinases. Protein phosphatase types 1, known as PP1, are one of four major protein serine/threonine phosphatases that regulate diverse cellular events such as cell division, transcription, translation, muscle contraction, glycogen synthesis, and neuronal signaling [22] . As a positive regulator in cell growth regulation, increased PP1 in hepatomas plays a role in their rapid growth rate [23] . One possible assumption is that the upregulation of PP-1B promotes the cell growth in the hypothalamus which in turn contributed to the fast recovery from RES. Mitsuhashi et al. have demonstrated that PP1 was present in a multicomplex with Raf-1 and positively regulates Raf-1 activity. Myosin-binding subunit (M110), a PP1 regulatory protein, was reported to interact with Raf-1 in vivo and to be phosphorylated by Raf-1 in vitro [23] . In the present study, Myosin-9b was also up-regulated in FR group.
It is interesting to note that F11r, also called junctional adhesion molecule-1 (JAM1) was down-regulated in FR group. Recent studies implied that neuronal cell adhesion molecules of the immunoglobulin superfamily (neural cell adhesion molecule, NCAM and L1) were important mediators of the effects of stress on the brain [24] . JAM1 is the first found immunoglobulin superfamily protein in the tight junctions (TJs) of epithelial cells and endothelial cells as well as on the surface of hematopoeitic cells, such as platelets and leukocytes [25] . The key role of JAM1 in the TJ assembly, epithelial barrier function, and a variety of other cellular processes, including platelet aggregation, leukocyte transmigration, and angiogenesis have been reported [26] .
JAM1 also participates in heterotypic interactions, namely with integrins [27] . Thus, here is another reason which supports the involvement of integrin signaling pathway in the process of recovery from RES in rats. In addition, nfkbia (nuclear factor of kappa light chain gene enhancer in Bcells inhibitor ), which can inhibit NF-B by complexing with and trapping it in the cytoplasm, was found to be upregulated in the FR group. Nfkbia may be involved in regulation of the transcriptional responses to NF-B, including cell adhesion, immune and proinflammatory responses, apoptosis, and differentiation.
Taken together, this research suggest that the integrin signaling pathway may be involved in the recovery from RES stress in rats, and cell adhesion function seems to be influenced in two different recovery patterns. These findings may lead to an improved understanding of the process of recovery from RES. Also, it may provide potential therapeutic targets to treat stress-related disorders.
